Sol-gel is a very effective method to obtain high purity ceramic and hybrid coatings on a variety of substrates. Thanks to their unique structure and extremely reduced thicknesses, sol-gel coatings can remain adherent and transparent even on flexible substrates such as textiles. Hence, their versatile chemistry can be exploited to impart a variety of properties to fabrics. Here, we evaluated the potential of sol-gel coatings for the functionalization of silk fabrics, and in particular for the preparation of coatings able to simultaneously improve abrasion resistance and attain water-repellency. To this end, tetra-ethyl-ortho-silicate based (TEOS) hybrid coatings were prepared using different Si-alkoxides functionalized with either alkyl chains or fluorinated groups. Abrasion resistance, oil and water contact angle, mechanical properties and water vapor permeability were assessed on treated fabrics to identify the more promising formulations.
Silk fabrics are extensively employed in the garment industry, but also for home textiles and upholstery, mainly because of their intrinsic and unique characteristics. In particular properties such as luster, soft texture, and drapability, but also elasticity and absorbency make these materials particularly attractive. 1 Unfortunately, significant limitations in silk use outside the garment industry are related to its major weaknesses, namely abrasion resistance 1,2 and washing fastness. Among fabrics, silk is generally rated as one with poor abrasion resistance, even if important differences exist as a function of the variety of fabric: within silk-based fabrics twill is reported to have a high abrasion resistance, and this behavior is attributed to the role played by the weave. 2 As a consequence, the increase of performance in wear and stain-resistance is highly desirable, for this has the potential to extend the use of silk to applications for which it is currently considered inadequate, as, for example, for easy care home textiles, wear and stain resistant upholstery, or rainwear and accessories.
Although different finishing treatments are currently available to improve fabric performance in terms of both abrasion and washing fastness, [3] [4] [5] they are often lacking in terms of preservation of original appearance and texture, and this is particularly significant for silk fabrics.
While a great number of scientific publications are available on the chemical modification of other natural textiles, 6, 7 and cotton in particular, a significantly lower number of studies dealing with innovative treatments for silk fabric modification can be found. [8] [9] [10] [11] Among them, low pressure plasmochemical treatments based on fluorinated compounds have been proposed to effectively induce water repellency in silk fabrics. [12] [13] [14] [15] More recently, atmospheric plasma has also been evaluated for the same purpose. 16 Modification of silk with acid anhydrides with long alkyl chains as pendant groups (dodecenylsuccinic and octadecenylsuccinic anhydride), has also been proposed to achieve water repellency. 17 In this context, sol-gel technology represents an interesting approach as it allows to obtain functional inorganic, composite, and hybrid coatings on a wide range of materials including textiles. [3] [4] [5] [18] [19] [20] The extremely versatile chemistry of the sol-gel route enables to combine multiple functionalities in a single coating, including water-and oil-repellency, UV resistance, bacteriostatic activity, release of active molecules, and abrasion resistance. 4, [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] In addition, since sol deposition can be carried out by means of techniques and equipment traditionally found in the textile industry (e.g. padding machines/ foulard), [29] [30] [31] [32] the transfer of sol-gel technology from laboratory synthesis to large scale application is potentially easier than other alternative techniques.
In this context, this work was aimed at evaluating the potential of sol-gel hybrid coatings for the functionalization of silk fabrics, and, in particular, to improve their performances in terms of abrasion resistance and stain-repellency, with the specific constraint to adjust sol formulation in order to minimize the impairment of coating on silk original softness and texture.
Experimental

Sol synthesis and fabric coating
The sol gel process involves the formation of an inorganic or hybrid three-dimensional continuous network (gel) through poly-condensation reactions occurring in a stable dispersion of colloidal particles in solvent (sol). The most common precursors are silicon alkoxides (Si(OR) 4 ) that quickly hydrolyze in the presence of a catalyst
In this way alkoxide groups (-OR) are replaced by hydroxyls (-OH) leading to a subsequent condensation (dehydration or dealcoholation) reaction with the formation of siloxane bonds (Si-O-Si) 26, 33, 34 Si OR ð
For sol synthesis, tetra-ethyl-ortho-silicate (TEOS 98% Sigma-Aldrich), was used as the main silica precursor and mixed in different proportions 35 with the alkyl or fluoro-alkyl functionalized Si-alkoxides in 
F8815 (DynF8815-Dynasylan
Õ -Evonik). In this latter, a water borne modified fluoroalkyl siloxane, the silanols act as biding groups on the substrate, aminoalkyl substituents provide solubility in water, and fluoroalkyl chains decrease the specific surface energy. 36 Sols were prepared using either isopropanol or water as solvent. When isopropanol was used (compositions S1 to S5 in Table 2 ), stoichiometric water was added. When water was used, Triton-X 100 37 was added as surfactant. The molarities of Si-alkoxides chosen are reported in Table 2 , except for DynF8815 in S10 composition. For this latter, as Si molarity was not available, GLYMO was used 0.25 M and a 1:1 (v:v) ratio within the two precursors was opted for.
For non-fluorinated compositions, recipes were tested in both isopropanol and water. This was not possible for fluorinated sols, due to the difficulties in managing XF8 in water-based environments. For this reason, Dynasylan Õ F8815 was chosen as an alternative. All synthesis were performed at room temperature and together with overall Si molarity (0.5), the catalyst (HCl), and the pH (¼2), were kept constant.
For water-based non-fluorinated sols, water, Triton-X 100, HCl, and TEOS were mixed under moderate magnetic stirring in a round bottom flask for about 20 min to allow alkoxide hydrolysation before adding the functionalized Si-alkoxide. The sols were then left under magnetic stirring for 4 h. For isopropanol based compositions, TEOS, IsoPrOH, stoichiometric water and the catalyst were left under magnetic stirring for 20 min, to complete hydrolysis of TEOS, and functionalized alkoxides were then added. As in the previous case, the preparation was left under stirring for the following 4 h.
Finally, sols containing fluorinated Si-alkoxides were synthesized mixing under magnetic stirring the solvent (IsoPrOH or water), stoichiometric water (S5 only), GLYMO (S10 only), the fluorinated alkoxide, and HCl, for 4 h.
For coated fabric preparation, 54 g/m 2 un-dyed twill silk was soaked in the sol and the excess of liquid was removed using a laboratory padder. Fabric was then air-dried for 2 h and subsequently oven treated at 100 C for 30 min. All samples required for the following characterization were cut out from the same treated piece. Five samples were prepared for mechanical testing and drapability evaluation, while all other tests were performed in triplicate.
Characterization
Drapability
The hanging loop [38] [39] [40] test was employed to evaluate the influence of coating on fabric stiffness. Fabric samples 200 Â 40 mm were cut along warp and hung by clipping their ends on a stand with a graduated scale. The height of the loop created by deformation of fabric sample under its own weight, inversely proportional to fabric stiffness, was measured. As an indicator for fabric stiffness, the difference between the measured loop length, l, and the undistorted pear loop length, l 0 , was calculated as 
where L is the total length of fabric strip outside the clips.
Colorimetry
The variation in fabric color possibly caused by sol-gel coating was assessed by means of a TECHKON SpectroDens spectrodensitometer. Three measures for each sol were done, and five points were acquired for each measure. Color values were obtained in the CIE L*a*b* space Color and color difference ÁE* was calculated against untreated silk according to the CIE94 definition using the correction factor for textiles. 41 
Abrasion resistance
Abrasion resistance was evaluated using a James Heal (Halifax, UK) Mini-Martindale 42 tester against a standard wool reference fabric using the 9 Kpa weight accessory. Samples were periodically evaluated to verify the presence of damage, starting from 5000 cycles, set as baseline value after preliminary evaluations for causing damage evident on untreated fabric samples.
Static and dynamic contact angle
To evaluate static contact angle a custom-designed apparatus was set up on an optical table. 35 The fabric sample was placed on an xyz micro-positioning system and a 5 ml drop of deionized water was deposited using a flat-ended needle micro-pipette. Images of droplets were acquired 15 s after their deposition using a computer controlled camera. The obtained images were processed in Matlab Õ through a previously developed graphical-user-interface 43 to calculate the contact angle of the drop in spherical approximation by
where h is the drop height and d is the drop width on the surface. Three measurements were made for each sample. Dynamic contact angle measurements were performed according to the tilting plate method 44 using a goniometer-supported tilting plane to accurately position the sample at defined inclinations. Tilting the surface, the deposited drop assumes an asymmetric shape and two different angles can be measured, as in Figure 1 .
The angle that the front-facing side of the drop forms with the plate is called the advancing contact angle, a a , and the one on the opposite side the receding contact angle, a r . 35 Measurements were performed at three different points of the coated surfaces and images for calculations were acquired with a 5 s delay to ensure stabilization of the system.
Oil-repellency
Oil-repellency was only assessed on samples treated with fluorinated compounds containing sol, according to UNI ENISO 14419.2010. 45 Silk samples were tested by depositing 5 ml drops of the different oils prescribed by standards and the oil-repellency degree was evaluated. Although not prescribed by standard, contact angle with oil was also measured.
Washing fastness
To preliminary assess coating washing fastness, treated silk samples were washed in deionized lukewarm water containing 5% v/v commercial detergent (anionic surfactants <15% and anionic and cationic surfactants <5%) under gentle magnetic stirring for 15 min. After each washing cycle, fabric samples were air dried at 40 C before repeating water and oil repellency evaluations.
Tensile strength test
Tensile tests were performed with a Universal Testing Machine 112 (TesT GmbH, Germany) equipped with a 0-2 kN load cell. Sol-gel coated fabric samples were cut along warp and frayed to 25 mm wide. Gauge length was set to 50 mm and rate of elongation at 10%-min. Coated samples were tested both before and after thermal treatment at 100 C.
Water vapor permeability
For selected formulation, water vapor permeability was evaluated using 50 mm diameter circular fabric samples (Ø ¼ 50 mm) to seal an otherwise tight cylindrical container filled with distilled water. The container was kept at 40 C, and the amount of evaporated water was measured after 24 hours.
Results and discussion
Relevant differences in weight increase (Table 3) among formulations were found with after padding and after drying.
As can be seen by examining Table 3 , isopropanolbased sols (S1-S5) were generally absorbed by fabric to a lower extent because of the solvent's different affinity for silk proteins, and, as a consequence, a lower amount of gel is deposited on the fibers with respect to the their analogues prepared in water.
Alterations of fabric softness and color
As expected, an increase in fabric stiffness was frequently observed in treated samples. Interestingly, resulting from the Hanging loop test (Figure 2) , better results were generally found for silk samples treated in water-based sols, despite the higher mass of deposited coating. More severe variations were, in fact, found for alcohol based formulations, when compared to analogous compositions where water was used.
On the other hand, the presence of Glymo appeared to have a positive effect and little impairment of fabric flexibility, as found for S1 and S6 formulations.
Given the importance of preserving fabric softness, the first preliminary screening on sols was based on the influence of coating on silk flexibility. Accordingly, d ¼ 10 was chosen as threshold value and formulations with lower d (S2, S3, and S4) were considered unacceptable and were not subjected to further characterization.
While all the prepared sols appeared opalescent, with S10 showing a slightly yellowish tone, after deposition and drying no clear variation of color was appreciable on treated samples when compared to untreated silk, and even luster appeared largely preserved.
Slight differences were found only by instrumental analysis of color variation as can be observed in Figure 3 , where two homologous formulations in alcohol and water (S1/S6 and S4/S9) and fluorinated recipes are compared (S5 and S10). In all cases, the value of color difference was below eye-perceivable variation (i.e. below 1), or below or very close to that perceivable only by an expert observer (i.e. between 1 and 2 46 ). Data related to wear resistance assessment are reported in Table 4 : S1, S5, and S8 samples resoundingly failed after 2500 cycles, long before untreated silk. This behavior is possibly related to coating fragility, as debris created by wear might have had an active role as abrasion. On the basis of these results, only compositions displaying a wear resistance behavior higher than untreated plain silk, resulting in clear damage after 5000 wear cycles (Figure 4) , underwent further characterization: S6, S7, S9, and S10, the last three showing resistance up to 8500 cycles. 
Contact angle measurements
In Table 5 contact-angle values for silk samples treated with sols S6, S7, S9 and S10 are reported. While S9 and S10 gave good results in terms of water repellency, with static contact angles close to the superhydrophobic threshold (150 ), 47 S7 values are not reported in Table 5 since water drops were completely absorbed before test could be completed, notwithstanding the presence of the C8 alkyl chains. As reasonably expected, better results were obtained for S10 treatment that contains fluorinated oligomers, although the difference observed was limited. In Table 5 dynamic contact angles (a a and a r ) and hysteresis values measured for S9 and S10 formulations, giving the highest static values in titling plate experiments, can be found. Hysteresis is also an important parameter where stain repellency is sought, as low values of this parameter are also characteristic of a super-hyrophobic state.
Á a provides, in fact, indications of the so-called ''adhesion force'' or ''work of adhesion'' at the surface, that is a determining factor in the movement of a water droplet on a water-repellent surface. 48 The S10 sample was also tested for oil-repellency according to UNI EN ISO 14419:2010 and its oil-repellency degree was found to be 4, (i.e. tetradecane drops deposited on treated silk surface were not absorbed after 15 s). Moreover, once the oil was removed from fabric surface, no visible stain was left. The static contact angles of the four oils drops on the S10 surface are reported in Table 6 . Rather high a values, although fairly similar for the four oils, were obtained. Figure 4 . Appearance of samples after abrasion cycles: (a) untreated silk after 8500 cycles, (b) S1 after 2500 cycles, (c) S5 after 2500 cycles, (d) S6 after 8500 cycles, (e) S9 after 8500 cycles, and (f) S10 after 8500 cycles. To derive information on coating washing fastness, static contact angle measurements were repeated on S9 and S10 samples after simulated washing cycles described in the previous section. For S9, coating hydrophobicity was almost completely lost after the first cycle; the fluorinated S10 sample shows only a slow, but progressive, decrease of contact angle values that, anyway, remain higher than 130 even after 15 washing cycles. Oil-repellency evaluation was also repeated on S10 after washing cycles and, again, a progressive decrease in performance was found, with a final a value of about 100 after five cycles.
Vapor permeability
Water vapor permeability values for samples S9 and S10 were found to be, respectively, 47% and 34% lower than untreated silk. The different behavior in water vapor permeability is attributable in part to the different amounts of gel deposited on the fibers (8.72 and 14.50 wt% for S9 and S10, respectively), but also to the presence of the fluorinated groups in S10 that partially hinders the vapor permeability. 49 
Tensile strength test
Results from mechanical characterization for S9 and S10 coated fabric are shown in Figure 5 , together with values for untreated silk. Tensile tests were performed on coated samples before and after thermal treatment (TT samples), to evaluate the possible detrimental influence of high temperature drying in the presence of residual solvent and/or acid. As can be observed, load at break was found to be unchanged for all treatments, and although a slight increase in average elongation at break was found for S9 after thermal treatment, and a decrease for S10 before treatment, these results were not statistically significant (p > 0.01).
Conclusions
Hybrid sol-gel silica coatings synthesized using Si-alkoxides functionalized with hydrocarbon or fluorinated chains were here found to be an effective strategy to improve wear resistance of, and confer anti-stain properties to, silk fabrics.
However, the optimization of coating formulation is a complex problem, as different aspects must be taken into account, and unfortunately, effectiveness of coating and preservation of silk natural characteristic are often conflicting.
Very interestingly, for the formulations evaluated in this studies, alcohol based treatment was found to be less effective than their analogous water-based formulations. This is an extremely encouraging finding, since, despite the benefit usually related to alcohol in sol stability, use of flammable formulations would encounter almost insurmountable difficulties in the textile industry.
Here, by adjusting type and ratio of modified alkoxides, to modify matrix elasticity and adhesion to substrate, two formulations capable to improve silk wear resistance and impart water repellency, while having reduced impact on fabric hand and appearance, were idenitfied. Among them, one was obtained without the use of fluorinated compounds, and despite the limitation in coating washing fastness, which needs to be addressed, this still appears extremely promising. In fact, in consideration of concerns for persistence, bioaccumulation, and toxicity related to perfluorinated compounds, the general tendency is currently to reduce the use of these products, and the solution developed appears to be a promising alternative when Figure 5 . Maximum load and elongation at break (%) for coated silk fabrics samples. TT indicates the samples that where thermally treated at 100 C. p > 0.01 was found for both load and deformation when performing a one way analysis of variance test. oil-repellency is not a requirement. Moreover, the absence of fluorine in the composition offers a potential advantage in term of sol production cost and easier industrial scalability of the process.
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